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Wurtzite-type Zn1−xMnxO (x = 0, 0.03, 0.05, 0.07) nanostructures were successfully synthe-
sised using a simple microwave-assisted hydrothermal route and their catalytic properties were
investigated in the cellulose conversion. The morphology of the nanocatalysts is dopant-dependent.
Pure ZnO presented multi-plate morphology with a flower-like shape of nanometric sizes, while the
Zn0.97Mn0.03O sample is formed by nanoplates with the presence of spherical nanoparticles; the
Zn0.95Mn0.05O and Zn0.93Mn0.07O samples are mainly formed by nanorods with the presence of
a small quantity of spherical nanoparticles. The catalyst without Mn did not show any catalytic
activity in the cellulose conversion. The Mn doping promoted an increase in the density of weak
acid sites which, according to the catalytic results, favoured promotion of the reaction.
c© 2013 Institute of Chemistry, Slovak Academy of Sciences
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Introduction
The use of diﬀerent synthesis routes has aﬀorded
materials with novel properties and applications. Of
these routes, the hydrothermal process is prominent
in terms of its control of the synthesis parameters,
thus facilitating the aquisition of samples with dif-
ferent morphologies and structures. The microwave-
assisted solvo-thermal method combines the advan-
tages of both hydrothermal and microwave-irradiation
techniques such as a brief reaction time and the pro-
duction of small particles with a narrow size distri-
bution and high purity which might be attributed to
the rapid and homogeneous nucleation of the mixture.
The eﬀect of heating is created by the interaction of
the dipole moment of the molecules with the high-
frequency electromagnetic radiation (2.45 GHz). The
microwave-heating method has recently attracted the
attention due to its very short reaction time, its pro-
duction of small particles with narrow particle size
distribution and its low energy consumption com-
pared with conventional methods (Avansi et al., 2011;
Oliveira et al., 2011; Zhang et al., 2011; Zou et al.,
2012; Robles-Nun˜ez et al., 2012). Within this context,
this work aims, via the microwave-assisted method, to
perform the synthesis of pure zinc oxide and zinc oxide
doped with manganese. These oxides have attracted
attention due to their chemical and physical properties
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Fig. 1. Equation illustrating cellulose hydrolysis reaction.
for a wide range of applications (Milao et al., 2012).
The morphological and structural characterisations of
the samples as-obtained, as well as a preliminary study
of their catalytic properties in the hydrolysis of cellu-
lose reaction (Fig. 1), are reported here. Cellulose is
a natural product with remarkable potential for use
as an environmentally friendly alternative to fossil re-
sources for the sustainable production of useful fuels
and chemicals. Traditionally, catalytic systems based
on enzymes, dilute acids, and supercritical water are
employed in the above process; however, these have
signiﬁcant disadvantages such as high costs, corrosion
hazard, low reaction rates, and diﬃculties in the sep-
aration of products and catalysts. To overcome these
problems, the use of heterogeneous catalysts in this
process has attracted a great deal of interest due to the
large potential, both in terms of their activity and se-
lectivity and the possibility of developing a clean tech-
nology (Huber et al., 2006; Luo et al., 2007; Onda et
al., 2008; Komanoya et al., 2011). Noble metal-based
catalysts have been extensively studied in the cellulose
conversion reactions and frequently exhibit high activ-
ity. However, they are expensive, hence their use could
represent an economic obstacle to the whole process.
To the best of our knowledge, this is the ﬁrst report
of the use of Zn1−xMnxO nanostructures, synthesised
via the microwave-assisted hydrothermal method, as
catalysts in the hydrolysis of cellulose.
Experimental
Zn1−xMnxO (x = 0, 0.03, 0.05, 0.07) nanos-
tructures were synthesised using Zn(NO3)2 · 6H2O
(Aldrich) and Mn(NO3)2 ·6H2O (Aldrich) as precur-
sors. In a typical procedure, the precursor (0.05 mol)
was dissolved in distilled water (50 mL) followed by
the rapid addition of NaOH solution (3 mol L−1,
50 mL) under vigorous stirring and subsequent loading
into an autoclave, which was sealed and placed in the
microwave-hydrothermal system using 2.45 GHz mi-
crowave radiation with a maximum power of 800 W.
The solutions thus prepared were treated at 120◦C
for 32 min at a heating rate of 30◦C min−1 and then
air-cooled at ambient temperature. The powder pre-
cipitate was separated by centrifugation, washed with
distilled water and dried at 60◦C for 24 h.
The samples were structurally characterised in
an X-Ray diﬀractometer (Rigaku, Rotaﬂex RU200B)
with Cu Kα radiation (50 kV, 100 mA, λ = 1.5406 A˚),
using a θ/2θ conﬁguration and a graphite monochro-
mator. The scanning range was 10–90◦ (2θ), with
a step size of 0.02◦ and a step time of 5.0 s. A
Rietveld analysis was performed using the Rietveld
reﬁnement program GSAS (Larson & Von Dreele,
1994). A pseudo-Voigt proﬁle function was used. The
speciﬁc surface area (BET method) was estimated
from the N2 adsorption/desorption isotherms, using
a Micromeritics ASAP 2020 particle size analyser.
The sizes and morphologies of the samples were de-
termined by electron microscopy using a ﬁeld emis-
sion scanning electron microscope JEOL JSM 6701F.
The NH3 temperature-programmed desorption (NH3-
TPD) curves were obtained in a Quantachrome In-
struments Chembet 3000 analyser and thermal con-
ductivity detection with set data acquisition.
In the solubilisation, hydrolysis and cellulose de-
gradation processes, microcrystalline cellulose (PH
101 AVICELTM, Fluka) was used with a particle di-
ameter of 50  m. The reactions were performed in a
200 mL stainless steel reactor coupled to pressure and
temperature probes at 190◦C for 4 h with 0.48 g of cel-
lulose, 60 mL of deionised water and 2.69 × 10−5 mol
of catalyst. Following the reaction, the mixture was ﬁl-
tered through ﬁlter paper and the unconverted cellu-
lose was dried at 90◦C for 24 h, with subsequent gravi-
metric evaluation of cellulose conversion using Eq. (1),
C =
(
m0 −mf
m0
)
× 100 (1)
where C is the cellulose conversion (cellulose consump-
tion percentage); m0 is the initial cellulose mass (g)
and mf is the unconverted cellulose mass (g).
Results and discussion
Fig. 2 shows the X-ray diﬀraction patterns of the
Zn1−xMnxO samples. A comparison of the d-values
observed in the ZnO samples with the standard (ICSD
ﬁle no. 36-1451) clearly revealed the formation of sta-
ble monophasic zincite with a hexagonal (wurtzite-
type) crystal structure of ZnO. For the Zn1−xMnxO
samples (x = 0.03, 0.05, 0.07), discrete peaks of a
ZnMn2O4 second phase appear (ICSD ﬁle no. 16-
6522), as shown in Table 1. The cell parameter values
for the Zn1−xMxO samples obtained are between the
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Table 1. Characterisation data: Lattice parameter, Rwp, Rexp, RBragg , S2, cell volume (V) and density (ρ), surface area (A),
crystallite size (D), and catalytic activity (C ) for the Zn1−xMnxO samples
Parameter ZnO Zn0.97Mn0.03O Zn0.95Mn0.05O Zn0.93Mn0.07O
Rwp/% 8.19 10.57 12.31 13.33
Rexp/% 13.32 11.43 5.82 4.93
S2 1.23 1.85 4.23 5.41
RBragg/% 2.60 4.90 5.54 6.49
a = b/A˚ 3.2520 ± 0.0001 3.2522 ± 0.0001 3.2525 ± 0.0001 3.2523 ± 0.0001
c/A˚ 5.2103 ± 0.0001 5.2106 ± 0.0001 5.2134 ± 0.0001 5.2131 ± 0.0001
Occ O 0.974 ± 0.006 0.976 ± 0.006 0.970 ± 0.008 0.98 ± 0.01
α = β 90 90 90 90
γ 120 120 120 120
V/A˚3 47.719 47.728 47.764 47.754
Z 1 1 1 1
Space group P63/mc P63/mc P63/mc P63/mc
ρ/(g cm−1) 5.634 5.623 5.602 5.593
2th phase/% 2.13 4.23 5.49
A/(m2 g−1) 12.2 15.2 16.4 18.5
D/nm 86 69 64 39
C/% 12 20 20 20
Fig. 2. XRD patterns of Zn1−xMnxO samples: ZnO (curve
1), Zn0.97Mn0.03O (curve 2), Zn0.95Mn0.05O (curve 3),
Zn0.93Mn0.07O (curve 4).
value a= b= 3.2498 A˚, c= 5.2066 A˚ andV= 47.62 A˚3
corresponding to wurtzite structure ZnO. The addi-
tion of transition metals induces small changes in the
unit cell dimensions. The changes in the lattice param-
eters are in accordance with the metal–oxygen dis-
tances due to the eﬀective ionic radii of cations, as
shown in Table 1 (Dondi et al., 2007).
Fig. 3 presents the FE-SEM images of the samples,
rendering it possible to observe that the ZnO samples
(Figs. 3a and 3b) are of multi-plate morphology with
a ﬂower-like shape of nanometric sizes. For the doped
samples, a signiﬁcant change in the function of the
Mn content could be observed. For the Zn0.97Mn0.03O
sample (Figs. 3c and 3d), poorly formed nanoplates
with the presence of spherical nanoparticles could be
observed. On the other hand, the Zn0.95Mn0.05O and
Zn0.93Mn0.07O samples (Figs. 3e–3h) present a mor-
phology formed mainly by nanorods but still with the
presence of a small quantity of spherical nanoparticles.
Some authors have reported the change in morphol-
ogy of synthesised samples related to dopant content,
where the presence of the dopant modiﬁes the sur-
face energy (Stroppa et al., 2009). This research group
recently reported the synthesis of ZnO and doped
M : ZnO (M = V, Fe, and Co) nanostructures by sim-
ilar microwave hydrothermal synthesis, showing that,
for ZnO and doped M : ZnO (V and Co) samples, a
similar ﬂower-like morphology was obtained; however,
the Fe : ZnO samples presented a poorly formed mor-
phology (Milao et al., 2012).
An analysis of the NH3-temperature-programmed
desorption was performed to qualitatively determine
the strength of the acid sites present in the sam-
ples (Fig. 4). The curves for ammonia desorption are
generally classiﬁed into two regions: low temperature
(LT, with temperature < 400◦C) and high tempera-
ture (HT, with temperature > 400◦C). The desorption
in the HT region is associated with strong acid sites
(Lewis and Brønsted) and the desorption in the LT re-
gion with weak acid sites (Kemdeo et al., 2010). The
TPD patterns show major desorption peaks diﬀering
by samples in their positions and proﬁles, suggesting
changes not only in the total acidity but also in the
distribution of the acid strength in the samples. The
TPD peaks for the Zn0.95Mn0.05O and Zn0.93Mn0.07O
samples appear in the region of LT and also in HT,
indicating the presence of both weak and strong acid
sites on these catalysts (Azzouz et al., 2006).
One of the commonest ways to modify the charac-
teristics of a material is by introducing dopants. When
introduced into a powder, they may lead to surface
modiﬁcations such as acid/base properties (Fajardo
et al., 2008). The doped samples were observed to
present smaller particle sizes than those that were not
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Fig. 3. FE-SEM images of samples: a) and b) ZnO; c) and d) Zn0.97Mn0.03O; e) and f) Zn0.95Mn0.05O; g) and h) ZnO0.93Mn0.07O.
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Table 2. Percentage of soluble products identiﬁed from cellulose conversion promoted by Zn1−xMnxO samples
Products ZnO Zn0.97Mn0.03O Zn0.95Mn0.05O Zn0.93Mn0.07O
Glucose 2.8 4.2 4.8 4.7
Fructose 1.8 1.7 1.9 1.7
HMF 1.6 1.2 1.0 0.8
Lactic acid 4.4 4.4 5.1 5.0
Formic acid – – 1.1 1.3
Fig. 4. NH3-TPD proﬁles for Zn1−xMnxO samples: ZnO
(curve 1), Zn0.95Mn0.05O (curve 2), Zn0.97Mn0.03O
(curve 3), Zn0.93Mn0.07O (curve 4).
doped. The decrease in the crystallite size due to the
introduction of dopants led to an increase in the spe-
ciﬁc surface area (Table 1). However, the diﬀerence
in such values cannot explain the diﬀerence in activ-
ity between the samples. From the results, the cata-
lyst acidity appears to be eﬀective for the reaction,
but the activity does not accord very closely with the
apparent acid strength of the catalysts. The Mn dop-
ing promoted an increase in the density of acid sites,
especially in weak acid sites for the Zn0.95Mn0.05O
and Zn0.93Mn0.07O samples in the temperature re-
gion between 240–340◦C (Fig. 4). The cellulose con-
version is observed in all the Mn-doped catalysts; how-
ever, the NH3-TPD curves show that the increase in
the density of weak acid sites is not directly related
to the increase in the cellulose conversion, indicat-
ing that the presence of weak acid sites of a mod-
erate density is preferable or suﬃcient to promote
the reaction. The catalyst without Mn did not ex-
hibit any catalytic activity in the cellulose conversion;
the conversion was the same as that without cata-
lyst (Table 1). This is due to water being in the sub-
critical state, and acting as a catalyst in the hydrolysis
process (Komanoya et al., 2011). The detection and
quantiﬁcation of the major reaction products formed
(see Table 2) were made using the HPLC technique,
as described by dos Santos et al. (2013). The cat-
alytic species showed selectivity towards the forma-
tion of glucose, fructose, 5-(hydroxymethyl)furan-2-
carbaldehyde (HMF), organic acids (lactic and formic
acids) and traces of the cellobiose, 1,6-anhydroglucose,
glyceraldehydes, and sorbitol. Note that glucose can
also be converted to fructose by isomerisation and
HMF can be obtained by the dehydration of hexoses
(Girisuta et al., 2007; Corma et al., 2007), while the
resulting HMF can be rehydrated to organic acids
(Bicker et al., 2005). The doped catalysts promoted
an increase in the glucose selectivity, which can be
associated with the formation of weak acid sites, as
shown by the NH3-TPD measurements. The degrada-
tion reactions, responsible for the HMF and organic
acids formation, can be associated with the synergy
of weak and strong acid sites present on the catalyst
surfaces.
Conclusions
Zn1−xMnxO nanostructures in a hexagonal (wur-
tzite-type) crystal structure phase were successfully
synthesised using a simple microwave-assisted hy-
drothermal route. Additional peaks related to the
ZnMn2O4 crystalline phase could be observed for the
doped samples. The morphology of the nanocata-
lysts is dopant-dependent, revealing the formation of
a multi-plate morphology with a ﬂower-like shape for
pure ZnO and the formation of nanoplates for the
Zn0.97Mn0.03O sample; nanorods were obtained for the
Zn0.95Mn0.05O and Zn0.93Mn0.07O samples. The cat-
alytic activity was not related to the catalyst morphol-
ogy (shape and surface area); however the Mn doping
promoted an increase in the density of weak acid sites
which, according to the catalytic tests, favoured pro-
motion of the reaction. These preliminary results show
that Zn1−xMnxO-prepared samples can convert cellu-
lose and may be considered as a potential catalyst for
application in the cellulose hydrolysis reaction.
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